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Abstract—Connecting legs in parallel in a voltage source
inverter is a way to increase the output current and thus, its
rated power. The connection can be made using either coupled
or uncoupled inductors and achieving an even contribution to the
output current from all the legs is a crucial issue. Circulating
currents produce additional losses and stress to the power
devices of the converter. Therefore, they should be controlled
and minimized. An efficient technique to attain such a balance
when coupled inductors are used is presented in this paper. The
proposed technique can also be used when the inductors are
uncoupled, since it is a particular case where the coupling coef-
ficients are zero. This technique does not include proportional-
integral controllers and does not require any parameter tuning
either. The exact control action needed to reach current balance
is straightforwardly calculated and applied. Experimental results
are shown in this paper to verify the efficiency of the proposed
balancing method.
Index Terms—VSI, Parallel legs, Interleaving, Pulse-width
modulation, Current sharing.
I. INTRODUCTION
IN order to raise the electric power handled by a voltagesource inverter (VSI) either voltages, currents, or both
can be increased. Multilevel converters are extensively used
in high power systems because they can deal with higher
voltages due to the fact that the voltage to be switched is
shared among several semiconductors [1]–[3]. They also yield
better output voltage spectra than two-level converters [4]. On
the other hand, currents rather than voltages are increased
in order to achieve higher power in some fields. This can
be attained either with VSIs made up of legs connected in
parallel (if all the legs are connected to a common DC bus)
or by means of parallel connection of inverters (each one
with its own DC bus) [5], [6]. In addition, inverters with legs
connected in parallel are modular and because of that, their
production and maintenance become less expensive. Moreover,
they qualify for the implementation of fault-tolerant techniques
thus offering improved overall reliability [7], [8].
Parallel-connected legs of a VSI require the use of inductors
to obtain a single output voltage from several input legs [9]–
[14]. The use of uncoupled inductors does not bring any
size reduction in the amount of magnetic material needed but
facilitates modularity and management in case of faulty legs
[10]. The use of coupled inductors provides a high impedance
path for limiting the common-mode circulating currents while
providing a low impedance path for the output currents [11].
Through the use of coupled inductors, a converter is capable of
responding faster to load transient depending on the coupling
coefficient and control mechanism [12]. A theoretical study
dealing with different options to connect multiple legs in
parallel by means of transformers is developed in [13]. It
would be optimal if current sharing among the legs were
balanced; however, there is no guaranty for this to happen
unless a proper control is used. A great variety of techniques
can be applied to reach a balanced distribution of current
among the legs. Most of them are based on proportional-
integral (PI) controllers and they usually include two control
loops: one to control the output voltage and another one to
regulate the current sharing [15]–[20]. Optimal regulators are
used in [21], [22] in order to create robust feedback control
systems, whereas a sliding control is proposed in [23], in spite
of the serious drawback of leading to a variable switching
frequency, albeit limited. By and large, all the considered
methods provide good balancing performance on the whole.
However, all of them need some parameter tuning and the
balancing dynamics may not be optimal. Quick response
of the balancing control is crucial to avoid long transitory
overcurrents in any leg which might be destructive.
A space vector modulation (SVM) approach for converters
with multiple legs in parallel is presented in [24]. In this paper,
the SVM decouples the current sharing control and the con-
verter output control. A study of the modulation is performed;
however, in order to simplify the practical implementation, the
current sharing is carried out with a hysteresis controller, in
spite of its inherent variable switching frequency.
When connecting VSIs in parallel to create a local net, it is
quite common that each inverter uses its own reference signal
and its local controller. Owing to the fact that phase, frequency
and amplitude have to be the same in order to minimize
circulating currents, some kind of synchronization has to be
included either providing communication lines among them
[25], [26] or a self-synchronizing mechanism [27], [28].
The limitations in order to achieve a proportional load
sharing in a conventional droop control scheme are revealed in
[29], [30], and modified robust droop controllers are presented,
notwithstanding the trade-off between voltage drop and shar-
ing accuracy when the load voltage is not accurately measured.
The multilayer control based upon a modified droop control
presented in [31] allows for the parallel operation of inverters
without intercommunications.
A method that avoids the use of intermodule inductors in
three-phase parallel-connected inverters is presented in [32].
The proposed method compares the actual and the desired
current value for each converter. The error signal is utilized
by a PI compensator to provide the modulation index to
a space vector modulator. The control method divides the
switching cycle evenly between the equally rated converters.
Accordingly, the intermodule inductors become redundant.
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Fig. 1. Phase configuration of a VSI with n legs connected in parallel.
An analytical model for a parallel-connected inverter system
is developed in [33]. The internal Thevenin impedance of
inverters is identified as the sensitive element affecting current
distribution. An active control strategy to tune the effective
Thevenin impedance by using a resistor emulation approach is
developed. Yet again, a parameter has to be adjusted properly
to guarantee stability of the system.
The balancing method proposed in this paper can achieve
current balance very quickly since the exact required modifica-
tion of the modulation signals is calculated and applied. The
method is performed without distorting the output voltages
or currents and thus it does not affect any external control
loop. It is designed for the case of using coupled inductors;
nevertheless, since it is general, it can also be applied to
the case of uncoupled inductors by defining the coupling
parameter to be zero.
The rest of the paper is organized as follows. In Section II,
an introduction to the connection of legs in parallel by means
of inductors is made. Section III introduces the proposed
current balancing method for the n-leg parallel-connected case.
The method utilized to attain a multiple coupling effect by
means of single transformers is presented in Section IV. In
Section V, some simulation and experimental results are given
to prove the effectiveness of the proposed current balancing
technique. The conclusions are summarized in Section VI.
II. PARALLEL-CONNECTED LEGS
A. Phase Configuration
In order to avoid shortcircuits, VSI’s legs cannot be directly
connected in parallel. Inductors are the optimal passive compo-
nents to achieve the following benefits; (i) limiting circulating
currents among the legs and (ii) averaging voltages of several
legs for each output phase. Because of the averaging, the
equivalent output voltage of the phase would show more than
two levels [34]. In a symmetrical configuration the number
of voltage levels will be n+1, n being the number of legs
connected in parallel.
Fig. 1 shows an example of parallel-connected legs. The n
legs shown in this scheme correspond to one single phase of
the converter (phase a, for instance). Multiple magnetic cou-
pling among the inductors is assumed, although the analysis
could be extrapolated to different types of coupling, like the
ones presented in [13], or to magnetically uncoupled inductors
[35].
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Fig. 2. Phase-shift disposition of the carriers for interleaving operation mode.
B. The Interleaving Technique
The interleaving technique is applied to the system shown
in Fig. 1 in order to procure an apparent switching frequency
n times higher than the individual switching frequency of each
leg (fs = nfsw = n/Tsw).
When operating with a carrier-based modulation strategy,
this is achieved by using an n number of shifted carriers vcarr1,
vcarr2, ... vcarrn. Fig. 2 shows the general n-case carriers’
disposition although only the first three carriers have been
depicted.
III. CURRENT BALANCING METHOD
The relationship between voltages and currents in each leg
of the system depicted in Fig. 1 is
Va = L
d
dt
Ia + Va0, (1)
where
Va =

va1
va2
...
van
 , Ia =

ia1
ia2
...
ian
 , Va0 =

va0
va0
...
va0
 , (2)
and
L =

L1 −M12 −M13 . . . −M1n
−M12 L2 −M23 . . . −M2n
...
...
...
. . .
...
−M1n −M2n −M3n . . . Ln
 . (3)
Considering a symmetrical magnetic structure for the whole
set of inductors, (1) could be stated as
va1
va2
...
van
 =

L −M . . . −M
−M L . . . −M
...
...
. . .
...
−M −M . . . L
 ddt

ia1
ia2
...
ian
+

va0
va0
...
va0
 .
(4)
Adding all the single equations in (4) leads to
n∑
j=1
vaj = [L− (n− 1)M ]
n∑
j=1
diaj
dt
+ nva0. (5)
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Fig. 3. Averaged equivalent leg.
Provided that the output current is made up of the phase-leg
currents
ia =
n∑
j=1
iaj , (6)
and vacom being the equivalent average output voltage of the
n phase-legs, i.e. the voltage that would be generated from an
equivalent single leg
vacom =
1
n
n∑
j=1
vaj , (7)
(5) can be written as
vacom − va0 =
(
L
n
− n− 1
n
M
)
dia
dt
. (8)
Calling Leq the equivalent output inductance of that ficti-
tious leg
Leq =
L
n
− n− 1
n
M, (9)
(8) becomes
vacom − va0 = Leq dia
dt
. (10)
The locally-averaged operator is defined as follows
x¯(t) =
1
Tw
∫ t
t−Tw
x(τ)dτ. (11)
If the window-width (Tw) used in this operator is defined
to be the same as the converter switching period, switching
frequency ripples in the voltages and currents will be com-
pletely filtered and canceled; as a consequence, those vari-
ables will become continuous. Applying the locally-averaged
operator to (10), and considering that the averaged variable
v¯acom becomes the global reference voltage of the phase
(v¯acom = varef ), (10) becomes
varef − v¯a0 = Leq di¯a
dt
(12)
that corresponds to the averaged equivalent leg of the whole
phase that can be seen in Fig. 3.
If there were no current balancing control in the system, the
voltage reference provided to each leg and the global reference
of the phase would be the same, i.e. v¯aj = varef for j =
{1, 2, ..., n} or
V¯a =

v¯a1
v¯a2
...
v¯an
 =

varef
varef
...
varef
 . (13)
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Fig. 4. Time sequence of the sampling process for current balancing.
In order to provide a control law for each leg current, each
individual voltage is modified as follows:
v¯aj = varef + ∆v¯aj for j = {1, 2, ..., n}, (14)
where ∆v¯aj are the control signals.
Applying the locally-averaged operator to (1) allows it to
be written as
V¯a = L
d
dt
I¯a + V¯a0. (15)
When including the effect of the control variables (∆v¯aj)
into (15), this becomes
V¯a + ∆V¯a = L
d
dt
(¯Ia + ∆I¯a) + V¯a0 + ∆V¯a0. (16)
The ∆ terms that derive from such control variables can be
isolated by subtracting (15) from (16), that leads to
∆V¯a = L
d
dt
∆I¯a + ∆V¯a0, (17)
where
∆V¯a =

∆v¯a1
∆v¯a2
...
∆v¯an
 , (18)
∆I¯a =

i¯a1 − i¯a/n
i¯a2 − i¯a/n
...
i¯an − i¯a/n
 , (19)
and
∆V¯a0 =

∆v¯a0
∆v¯a0
...
∆v¯a0
 . (20)
Considering the control variables introduced in (14), (7) can
be stated as
v¯acom =
1
n
n∑
j=1
(varef + ∆v¯aj)
= varef +
1
n
n∑
j=1
∆v¯aj .
(21)
Bearing in mind that the control variables should not affect
the output voltage generated by the leg (v¯acom = varef ),
one can conclude that the control voltages have to meet the
following condition:
n∑
j=1
∆v¯aj = 0. (22)
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Fig. 5. Current balancing control diagram.
Since v¯acom becomes unaltered if restriction (22) is applied,
from (12) and its equivalent circuit in Fig. 3, it can be inferred
that i¯a and v¯a0 will not be affected by the control variables
either. As a consequence, ∆V¯a0 = 0 and therefore (17)
becomes
∆V¯a = L
d
dt
∆I¯a. (23)
When the phase current is equally shared among the phase
legs, i.e. i¯aj = i¯a/n for j = {1, 2, . . . , n}, then ∆I¯a = 0. If
there were a current imbalance (∆I¯a 6= 0) at the instant kTs,
the discrete representation of (23)
∆V¯a(k) =
1
Ts
L[∆I¯a(k + 1)−∆I¯a(k)] (24)
could be used to compute the control voltages necessary to
achieve a fairly shared current in the next sampling period by
imposing the condition ∆I¯a(k + 1) = 0, that would render
∆V¯a(k) = − 1
Ts
L∆I¯a(k). (25)
A timing diagram for this on-line process can be seen
in Fig. 4. Fig. 5 shows the control diagram of the current
balancing technique for phase a. The local averager block
in Fig. 5 is based on a moving average filter (MAF) with
a window width equal to the carrier period, i.e. the switching
period (Tsw). As a consequence, the current ripple of the
circulating currents is completely removed. On the other hand,
the sampling period of the converter controller, which includes
the current balancing control, is at the apparent switching
period, i.e. Ts, as shown in Fig. 4. This period is smaller
than Tsw (Ts = Tsw/n) and therefore, the dynamic of the
converter becomes faster. Ideally, all the reference signals
should be updated at any sampling period (Ts). However, in
some practical implementations, updating the reference signal
may not be feasible until the corresponding carrier signal of
the specific leg completes a PWM cycle. In those cases, only
one reference signal is updated at a time, just before its carrier
signal cycle starts.
It can be seen in Fig. 5 that n current sensors are used to
provide the information needed. The current of each leg (iaj)
is sensed and then, locally averaged (¯iaj) with a window width
of Tsw. Afterwards, those averaged currents are synchronously
sampled every apparent switching period Ts (see Fig. 2). The
values of the ∆vaj variables are calculated according to (25)
and, after checking that they will not cause over-modulation,
applied to the specific modulation signal for each leg. In case
that the ∆vaj values required to achieve the current balance
were such that some of the them might cause over-modulation
in their legs, i.e. |varef + ∆v¯aj |> 1, the biggest one would
have to be trimmed down to its maximum possible value and
the rest of them rescaled accordingly in order to make sure that
condition (22) is always met. That is to avoid distortion in the
overall output voltage phase, even if some of the ∆vaj values
had to be limited because of the aforementioned restriction.
This task is performed by the ”Overmodulation Preventer”
block that can be seen in Fig. 5.
IV. IMPLEMENTATION OF MULTI-COUPLED INDUCTORS
The implementation of a multi-coupled set of inductors by
means of a common magnetic core with several windings
implies some assembly difficulties if a total symmetry is to be
achieved. In other words, it would be difficult to attain that all
the Mij terms (for i, j = {1, 2, ..., n} and i 6= j) included in
(3) be of the same value. An equivalent multi-coupling effect
can be achieved by using only one-to-one coupled inductors
(transformers) as described below.
Assuming that all the magnetic cores of the transformers
have the same reluctance (<) and calling ip and is the currents
in their primary and secondary windings respectively, the
magnetic flux in each core is
Φ =
N1ip −N2is
< (26)
where N1 and N2 are the number of turns of each winding.
The inductance parameters in each transformer are
L1 = N1
dΦ
dip
=
N21
< , (27)
L2 = −N2 dΦ
dis
=
N22
< , (28)
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M = N1
dΦ
dis
= −N2 dΦ
dip
=
N1N2
< . (29)
In a cyclic cascade connection [13], two transformers are
used in every leg, as shown in Fig. 6. Every transformer links
the current in one leg to the current in the next one, except for
the last one that is linked to the first one. In this configuration,
(3) becomes
L =

L1 + L2 −M12 0 . . . −M12
−M12 L1 + L2 −M12 . . . 0
...
...
...
. . .
...
−M12 0 . . . −M12 L1 + L2
 .
(30)
Comparing (30) to (3) and (4), it can be observed that:
L = L1 + L2 =
N21 +N
2
2
< , (31)
and the term M is either zero or
M = M12 =
N1N2
< . (32)
The M/L ratio can be adjusted by means of the number of
turns in each winding (N1 and N2) according to the expression
M
L
=
N1N2
N21 +N
2
2
=
1
N1
N2
+ N2N1
, (33)
and its maximum value is
M
L
=
1
2
. (34)
In the cycling cascade connection, some mutually coupling
coefficients of the matrix are zero. The combinatorial cascade
connection [13] can achieve that all the mutually coupling
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Fig. 8. Generic leg in a combinatorial cascade connection.
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Fig. 9. (a) Three multi-coupled inductors (b) cyclic/combinatorial cascade
connection.
coefficients be equal and different from zero. In such a
connection, the current in each leg should be magnetically
coupled to the current in each of the other n−1 legs. In order
to ensure a complete magnetic symmetry that would require
the use of 2(n−1) transformers; n−1 to be connected through
their primary winding to the other legs, and n− 1 to be con-
nected through their secondary winding. Fig. 7(a) shows the
transformers between two legs in the combinational cascade
connection, where N1 and N2 are the turns in the primary and
secondary windings of the 2(n− 1) transformers, L1 and L2
their respective inductances, and M12 the mutually coupling
coefficient. This theoretical set of 2(n − 1)transformers, is
equivalent to a set of (n − 1) transformers with a number
of turns N in each of their windings and their magnetic
parameters would be Leq = L1 + L2 and Meq = 2M12.
An equivalent transformer between two generic legs is shown
in Fig. 7(b). Fig. 8 presents the magnetic links among the
inductors connected in series in a generic leg and the coupled
ones connected in the rest of the legs.
In such a combinatorial cascade configuration (3) becomes
L =

(n− 1)Leq −Meq . . . −Meq
−Meq (n− 1)Leq . . . −Meq
...
...
. . .
...
−Meq −Meq . . . (n− 1)Leq
 . (35)
Comparing (35) to (3) and (4), it can be observed that L =
(n− 1)Leq and M = Meq . Therefore, the ratio between these
parameters is:
M
L
=
Meq
(n− 1)Leq =
2
(n− 1)
(
N1
N2
+ N2N1
) . (36)
The disposition of the transformers in a four-leg cyclic
cascade coupling is shown in Fig. 10(a), whereas the combi-
natorial one is shown in Fig. 10(b). For the three-coupled-leg
case (Fig. 9), if N1 = N2 both the cyclic cascade and the
combinatorial cascade structures are equivalent.
V. SIMULATION AND EXPERIMENTAL RESULTS
The proposed balancing technique has firstly been simulated
on a Matlab-Simulink model. Then, it has been implemented
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TABLE I
SPECIFICATIONS OF THE LABORATORY PROTOTYPE
Symbol Parameter Value
Vdc DC bus voltage 60 V
f Reference signal frequency 50 Hz
ma Modulation index 0.8
n Number of legs 2/3
fs Carrier/switching frequency 2 kHz
fsw Apparent switching frequency 4/6 kHz
RL Load resistance 3.3 Ω
L Self inductance 8.8 mH
M Coupling inductance 2.8 mH
on a dSpace DS1103 PPC Controller board and verified on a
single-phase laboratory prototype whose schemes are depicted
in Fig. 11. The single-phase converter has two/three legs
connected in parallel and drives a resistive load connected
between the output (”a”) and the dc neutral point (”0”). The
main parameters are shown in Table I.
In order to achieve a multi-coupling effect among the induc-
tors (Fig. 9(a)) by using only one-to-one coupled inductors, the
cyclic cascade connection shown in Fig. 9(b) has been used.
An occasional instantaneous disturbance ∆va is applied to
the modulation of the reference signals in the captures in
Fig. 12 to Fig. 15. It can be observed that when the balance
controller is activated such distorting source is not significantly
affecting the output currents. Comparing the current wave-
forms without balancing control (Figs. 12 and 14) to the ones
with balancing control (Figs. 13 and 15) it is noteworthy that
the currents are fairly shared when the controller is on.
Permanent current imbalances can happen on account of
different voltage drops across the power devices when they
are in the on state. Such drifts might produce different dc
offsets among the output voltages of the legs. As a result,
provided that inductors cannot stop dc circulating currents,
the resistances among the legs are the ultimate elements
capable of limiting this type of circulating currents. Since
the internal resistor values of the inductances are very small,
even small differences among the voltage drops across the
transistors can cause large current imbalances. It should be
remarked that these kinds of permanent imbalances are much
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Fig. 11. Laboratory prototype schemes with (a) two and, (b) three legs in
parallel.
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Fig. 12. Two legs connected in parallel. Disturbance effect without balancing
control: (a) simulation, and (b) experimental results.
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Fig. 13. Two legs connected in parallel. Disturbance arresting with balancing
control: (a) simulation, and (b) experimental results.
more dangerous for the legs than those produced by transitory
processes.
Fig. 16(a) shows a VSI with two legs connected in parallel
where the lower switch s¯a1 has an additional voltage drop
(∆Vdc) compared to the other switches. This will produce a
dc voltage component in the leg-to-leg voltage. The equivalent
circuit for the dc components is shown in Fig. 16(b). In the
steady state, the dc circulating current would be:
Idc =
∆Vdc
2R
. (37)
In order to emulate the case of different voltage drops in
the transistors of the legs, a 1-V battery has been connected
in series with the lower transistor of one leg. This creates
a permanent current imbalance. Fig. 17 shows current wave-
forms from the system starting with such current imbalance.
When the control is activated, the currents are balanced almost
instantaneously as the proposed controller can compensate for
the different dc output voltages produced in the legs. In real
high power systems, where resistors associated to huge power
inductors are very small, the dc component of the circulating
current can be significant.
One can observe how the output current has practically no
distortion due to compensation. This is because the controller
30
Time (ms)
0
4
8
-4
-8
ia2
2010 50400
Le
g 
an
d 
ph
as
e 
cu
rr
en
ts
 (A
) ia
ia3
ia1
Disturbance applied here
(a)
30
Time (ms)
0
4
8
-4
-8
ia1
2010 50400
Le
g 
an
d 
ph
as
e 
cu
rr
en
ts
 (A
)
30
Time (ms)
0
4
8
-4
-8
2010 50400
Le
g 
an
d 
ph
as
e 
cu
rr
en
ts
 (A
)
ia2
30
Time (ms)
0
4
8
-4
-8
ia1
2010 50400
Le
g 
an
d 
ph
as
e 
cu
rr
en
ts
 (A
)
ia2
30
Time (ms)
0
4
8
-4
-8
ia2
2010 50400
Le
g 
an
d 
ph
as
e 
cu
rr
en
ts
 (A
)
ia
ia3
ia3
ia1
ia
ia1
ia2
ia
ia
Disturbance appli d here
Disturbance applied here Disturbance applied here
Disturbance applied here
(b)
Fig. 14. Three legs connected in parallel. Disturbance effect without balancing
control: (a) simulation, and (b) experimental results.
only produces differential voltage for current compensation,
but it does not change the global output voltage generated by
the phase.
VI. CONCLUSION
Achieving evenly shared currents among the parallel-
connected legs of a power inverter is a remarkable challenge.
The control technique presented in this paper is capable of
achieving a fair current distribution with very fast dynamics.
It is based on calculating the exact control actuation needed
for current balance; therefore, no PI controller is required.
Because of its generic formulation, the proposed balancing
technique can be applied to converters with any number of
legs connected in parallel. Provided that the use of uncoupled
inductors is only a particular case –where all the M coeffi-
cients in (4) are zero– the balancing method can be applied
regardless of whether the inductors are magnetically coupled
or not.
Experimental results are provided to validate the behavior of
the proposed compensator. The results show that currents are
quickly balanced no matter what the reason for the imbalance
is. Permanent current imbalances are the most dangerous and
can be provoked by slight differences in the voltage drops
across the power semiconductors.
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Fig. 15. Three legs connected in parallel. Disturbance arresting with balancing
control: (a) simulation, and (b) experimental results.
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Fig. 16. Example of two legs connected in parallel where one switch s¯a1 has
a larger voltage drop: (a) circuit diagram and (b) equivalent leg-to-leg circuit
for the dc components.
Motor drives and grid-connected converters are some ap-
plication fields in which VSIs with legs connected in parallel
are applied, especially for high power systems such as those
used in wind generation [36], [37]. The main benefit is that the
60
Time (ms)
0
4
8
-4
-8
4020 100800
Le
g 
an
d 
ph
as
e 
cu
rr
en
ts
 (A
) ia
ia2
ia1
Balancing control off Balancing control on
(a)
60
Time (ms)
0
4
8
-4
-8
4020 100800
Le
g 
an
d 
ph
as
e 
cu
rr
en
ts
 (A
) ia
ia2
ia1
Balancing control off Balancing control on
(b)
Fig. 17. Current imbalance caused by a small dc voltage difference for the
2-leg case: (a) simulation, and (b) experimental results.
low-voltage regulations have to be met instead of the highly
demanding medium-voltage regulations. Furthermore, for very
high power systems, multilevel converters with parallel legs
can be considered.
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